C ardiac diseases and arrhythmias are common with aging and, at least in part, linked to increasing cardiac electrophysiological and autonomic dysfunction. [1] [2] [3] [4] [5] Heart rate variability (HRV) provides indices related to cardiac electrophysiology and autonomic regulation, including respiratory, baroreflex, and circadian fluctuations, that are indicative of healthier responses. With advancing age, increased HRV can also reflect abnormal (erratic) sinus patterns that are associated with increased risk. 6 In middle-aged populations, habitual physical activity (PA) has been associated with more favorable HRV indices, especially those reflecting increased vagal modulation and reduced sympathetic activity. 7, 8 However, several key issues remain to be addressed in older adults, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] who are at much higher risk for both abnormal HRV and cardiac events than middle-aged populations. First, whether habitual PA relates to HRV later in life is not well established. Most studies in older adults were quite small (eg, <100 subjects) 9, 10, [14] [15] [16] [17] [18] [19] [20] [21] [23] [24] [25] and used only short-term ECGs 10, 12, 14, 17, 20, 21, [23] [24] [25] that assess only short-term HRV indices, as opposed to 24-hour measurements that assess both short-term and long-term HRV. Additionally, with aging, walking predominates as the major PA, but differences in the effects of walking versus general leisure-time activities versus exercise intensity on HRV late in life are also not established. Furthermore, few previous studies of PA 26 assessed nonlinear (erratic) HRV, which provides important information about abnormal sinus firing that predicts higher mortality and is especially common in older adults. 1, 27 Finally, Background-Cardiac mortality and electrophysiological dysfunction both increase with age. Heart rate variability (HRV) provides indices of autonomic function and electrophysiology that are associated with cardiac risk. How habitual physical activity among older adults prospectively relates to HRV, including nonlinear indices of erratic sinus patterns, is not established. We hypothesized that increasing the levels of both total leisure-time activity and walking would be prospectively associated with more favorable time-domain, frequency-domain, and nonlinear HRV measures in older adults. Methods and Results-We evaluated serial longitudinal measures of both physical activity and 24-hour Holter HRV over 5 years among 985 older US adults in the community-based Cardiovascular Health Study. After multivariable adjustment, greater total leisure-time activity, walking distance, and walking pace were each prospectively associated with specific, more favorable HRV indices, including higher 24-hour standard deviation of all normal-to-normal intervals (P trend =0.009, 0.02, 0.06, respectively) and ultralow-frequency power (P trend =0.02, 0.008, 0.16, respectively). Greater walking pace was also associated with a higher short-term fractal scaling exponent (P trend =0.003) and lower Poincaré ratio (P trend =0.02), markers of less erratic sinus patterns. Conclusions-Greater total leisure-time activity, and walking alone, as well, were prospectively associated with more favorable and specific indices of autonomic function in older adults, including several suggestive of more normal circadian fluctuations and less erratic sinoatrial firing. Our results suggest potential mechanisms that might contribute to lower cardiovascular mortality with habitual physical activity later in life. (Circulation. 2014;129:2100-2110.)
with only 1 exception, 11 no large, long-term prospective studies have assessed longitudinal (rather than only cross-sectional) associations between PA and 24-hour HRV among older individuals. To address these key gaps in knowledge, we prospectively investigated the associations of PA with HRV indices in older adults. We hypothesized that increasing levels of both total leisure-time activity and walking would be prospectively associated with more favorable time-domain, frequencydomain, and nonlinear HRV measures in older adults.
Methods Population
The Cardiovascular Health Study (CHS) design and recruitment have been described. 28, 29 In brief, 5201 ambulatory, noninstitutionalized men and women ≥65 years of age were randomly selected and enrolled from Medicare eligibility lists in 4 US communities in 1989 to 1990; and an additional 687 black participants were similarly recruited and enrolled in 1992, but they were not included in this analysis owing to the absence of repeated activity measures. The institutional review committee at each center approved the study, and Figure 1 . Timeline of assessment of PA and HRV in the Cardiovascular Health Study. *Including swimming, hiking, aerobics, tennis, jogging, racquetball, walking, gardening, mowing, raking, golfing, bicycling or exercise cycle, dancing, and calisthenics. **Both distance and pace of walking were assessed. HRV indicates heart rate variability; and PA, physical activity.
Table 1. HRV Indices Assessed in the Cardiovascular Health Study

Variable
Description and Potential Physiological Correlation
Long-term recordings (24-hour) indices
Time-domain indices SDNN, ms Standard deviation of all N-N intervals (from the entire recording). Possibly reflects longer-term circadian differences and total HRV, higher values are considered healthier. Moreover, lower values for this index are associated with risk of mortality in patient populations.
rMSSD, ms* Root mean square of successive differences between N-N intervals. Reflects the average of daytime and nighttime parasympathetically mediated beat-to-beat changes in N-N intervals. Higher values generally reflect higher parasympathetic (vagal) influence but can reflect a greater degree of erratic rhythm, especially in older adults. 40 
SDNN-index, ms
Averaged 5-min SDNN. Reflects combined sympathetic and vagal activity but independent of circadian rhythm. Usually, higher values are considered healthier.
Frequency-domain indices NLF, %* Precise interpretation of this index is controversial. However there is evidence that normalized LF can be a measure of sympathetic modulation of heart rate. LF band is between 0.04 and 0.15 Hz.
NHF, %* Relative vagal modulation of heart rate in response to respiration. Higher values reflect higher parasympathetic (vagal) influence or a greater degree of erratic rhythm. HF band is between 0.15 and 0.4 Hz. Normally, higher values are considered healthier.
ULF, ms 2 Fluctuations in R-R intervals with underlying cycle length of >5 min and ≤24 hours. Predominantly circadian rhythm but other influences including activity and neuroendocrine rhythms. ULF band is <0.003 Hz. Additionally, it is related to HR and coefficient of variation, which may reflect functional capacity. 41, 42 VLF, ms 2 VLF may reflect both vagal control of heart rate and also the effect of the renin-angiotensin system. Higher values are believed to reflect better autonomic function.
LF/HF ratio May reflect relative sympathetic-parasympathetic activity. However, this is not totally correct because lower-frequency fluctuations may be related to both sympathetic and parasympathetic activity. Also, during exercise, overall heart rate variability decreases (including LF).
Nonlinear indices SD12, Poincaré ratio
Organization of heart rate patterns based on the ratio of the axes of an ellipse fitted to the scatter plot of N-N vs N-N+1 intervals. Higher values can reflect a greater degree of erratic rhythm. Increases in this index can be considered to reflect more disorganized heart rate activity.
DFA1
Short-term fractal scaling exponent. Reflects randomness or correlation of the N-N intervals pattern. Totally random N-N intervals pattern has a value of 0.5, whereas a totally correlated pattern has a value of 1.5. Decreases in this index are considered to reflect a more disorganized heart rate activity a marker of less healthy cardiac autonomic functioning.
all subjects provided informed consent. Baseline evaluation included standardized physical examination, diagnostic testing, laboratory evaluation, and questionnaires on health status, medical history, and cardiovascular risk factors. [28] [29] [30] Updated information was gathered at annual study visit through 1999 and 6-month telephone contacts thereafter. In a subset of participants (n=1361), 2-channel 24-hour Holter monitor recordings were obtained at baseline (Del Mar Medical Systems, Irvine, CA) and then 5 years later in the same subjects (n=1199). We excluded participants with markedly irregular cardiac rhythms (n=106); insufficient N-N interbeat intervals (n=45 for time domain; n=121 for frequency domain), as described below; or incomplete data on leisure-time activity, exercise intensity, or walking habits (n=63). In total, 985 participants for longitudinal analyses of time-domain HRV and 909 for frequency-domain and nonlinear HRV had serial longitudinal measures of both PA and HRV over 5 years and were included in our main analysis. As supplementary analyses, we have also evaluated cross-sectional relations between PA and 24-hour HRV indices at baseline (n=1219).
Assessment of PA
Usual leisure-time activity was assessed at baseline (1989) (1990) and at 1992 to 1993 by using a modified Minnesota Leisure-Time Activities questionnaire ( Figure 1 ). The modified Minnesota PA questionnaire has been validated against the full version, 31, 32 which is moderately correlated with objective and subjective PA and fitness measures (R≈0.23-0.75). 33 Moreover, PA as measured by the modified Minnesota questionnaire in the CHS has been found to be associated with the risk of cardiovascular disease, atrial fibrillation, body composition, venous thrombosis, and inflammation in expected directions. [34] [35] [36] [37] [38] The questionnaire evaluated frequency and duration of 15 different activities during the preceding 2 weeks, including gardening, mowing, raking, swimming, hiking, aerobics, tennis, jogging, racquetball, walking, golfing, bicycling, dancing, calisthenics, and riding an exercise cycle ( Figure 1) . 37 Each activity was predesignated as having an intensity value in units of metabolic equivalent task score. 32 Participant responses regarding types of activity, frequency, and duration were used to calculate weekly energy expenditure from leisure-time activity, expressed as kilocalories per week. Usual exercise intensity was also assessed separately at baseline and at 1992 to 1993 (Figure 1) , with responses including no exercise or low, medium, or high intensity of exercise. 37 Usual walking habits, including average walking pace (gait speed) and distance walked, were assessed annually at each follow-up visit ( Figure 1 ). We evaluated these metrics in prespecified categories, including: for leisure-time activity (quintiles), exercise intensity (none/low, medium/high), blocks walked (quintiles), and usual pace walked (<2, ≥2 mph).
Covariates
Information on a wide range of covariates was obtained during study visits, including demographics, education, income, detailed smoking habits, alcohol use, usual dietary habits, body mass index, resting heart rate (HR), blood pressure, medication use, and the presence or absence of coronary heart disease, congestive heart failure, hypertension, diabetes mellitus, and ECG-defined left ventricular hypertrophy.
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Assessment of HRV
HRV indices include time-domain, frequency-domain, and nonlinear measures (Table 1) . 3, [40] [41] [42] Long-term (eg, 24-hour Holter) measures evaluate longer-term circadian differences in HRV, and daytime and nighttime baroreceptor and respiratory autonomic variation, as well. In CHS, HRV was assessed by using 2-channel 24-hour Holter recordings (Del Mar Medical Systems, Irvine, CA) at baseline in 1989 to 1990 and again in 1994 to 1995. 43 Recordings were analyzed at the Washington University School of Medicine HRV Laboratory (GE Marquette Mars 8000 Holter analyzer, Milwaukee, WI). Beat-onset detection and classification were reviewed and edited by trained technicians and overread in detail. From 1199 participants, we excluded subjects with markedly irregular cardiac rhythms, defined as the extent of irregularity of the rhythm or p waves that was too high for trained personnel to accurately label which beats were normal sinus beats (n=106). We also excluded recordings that provided <18 hours of usable data (≥216 of 288 five-minute segments), requiring for time-domain analyses that at least 50% of each segment consisted Hypertension is systolic 160+ or diastolic 95+ mm Hg or if the participant reports physician-diagnosed hypertension and is also taking antihypertensive medication. Coronary heart disease is the history of myocardial infarction, angina, or coronary revascularization. Congestive heart failure is each of three criteria: (1) CHF diagnosis by a treating physician; (2) either CHF symptoms (shortness of breath, fatigue, orthopnea, paroxysmal nocturnal dyspnea) plus signs (edema, rales, tachycardia, gallop rhythm, displaced apical impulse), or supportive clinical findings on echocardiography, contrast ventriculography, or chest radiography; and (3) medical therapy for CHF, defined as diuretics plus either digitalis or a vasodilator (angiotensin-converting enzyme inhibitors, hydralazine, long-acting nitrates). Diabetes mellitus is fasting glucose >140 mg/dL, 2-hour postoral challenge glucose >200 mg/dL, or use of insulin or oral hypoglycemic medications. Values are mean±SD (continuous variables) or percentage (categorical variables). CHF indicates congestive heart failure; HRV, heart rate variability; PA, physical activity; and SD, standard deviation.
*Median (P25-P75). We also conducted several sensitivity analyses. To minimize the possibility of reverse causation, we adjusted for self-reported overall health and also restricted our analysis to participants reporting only good, very good, or excellent overall health. We also evaluated a multivariate model including factors which could be plausible biological intermediates (ie, on the putative causal pathway between PA and HRV) and confounders, as well, including body mass index, systolic blood pressure, use of β-blockers, calcium channel blockers, or digitalis, and the presence or absence of coronary heart disease, congestive heart failure, hypertension, diabetes mellitus, or left ventricular hypertrophy. Given the influence of PA on resting HR and the importance of resting HR for HRV, we also evaluated resting HR as a potential confounder or mediator in a separate analysis. Potential effect modification by age, sex, resting HR, or the presence or absence of cardiovascular disease (coronary heart disease, congestive heart failure) was assessed by adding a multiplicative interaction term and assessing statistical significance of the Wald test. We also evaluated pairwise combinations of PA measures in the same model to assess their independent influence on HRV. Potential dose-response was evaluated semiparametrically by using restricted cubic splines, 44 assessing the cumulative average of leisure-time activity from baseline to 1993 to 1994 in relation to HRV in 1994 to 1995. Analyses were performed using Stata 10.0 (College Station, TX), 2-tailed α=0.05. Measures (except for NLF, NHF, and DFA1) were log-transformed for analysis and then exponentiated. Values are mean (SD), adjusted for age (years), sex (male, female), race (white, nonwhite), enrollment center (4 sites), education (<high school, high school, college), income (≤$25 000, >$25 000), smoking (never, former, current), alcohol (<1 drink/wk, 1-2 drinks/wk, 3-7 drinks/wk, 8-14 drinks/ wk, >14 drinks/wk), and consumption of fish (<1 serving/mo, 1-3 servings/mo, 1-2 servings/wk, 3-4 servings/wk, 5+ servings/wk), dietary fiber (quintiles, grams per day), and total calories (quintiles, kilocalories per day). For values log transformed, we report the upper SD. Numbers are shown for time-domain measures (n=985); slightly fewer individuals (n=909) had frequency-domain and nonlinear measures available. DFA1 indicates short-term fractal scaling exponent; HRV, heart rate variability; LF/HF, low frequency/high frequency; NHF, normalized high-frequency power; NLF, normalized low-frequency power; rMSSD, square root of the mean of the squares of successive R-R interval differences; SD12, Poincaré plot ratio; SDNN, standard deviation of the R-R intervals; SDNNIDX, SDNN index; ULF, ultralow-frequency power; and VLF, very-low-frequency power.
*Cumulative average of leisure-time activity using all measures between baseline and year 4 (see text for details 
Results
At baseline, average (mean±standard deviation [SD]) age was 71±5 years, 60% of participants were women, and the mean nighttime HR was 65±9 bpm ( Table 2 ). The median (P25, P75) level of leisure-time activity was 630 (158, 1485) kcal/ wk. The various HRV indices had variable intercorrelations at baseline (Table I in the online-only Data Supplement).
Longitudinal Analysis of PA and HRV
After multivariable adjustment, greater leisure-time activity was longitudinally related to specific 24-hour HRV indices in 1994 to 1995 (Table 3 ). These included higher standard deviation of all normal R-R intervals (SDNN; P trend =0.009) and higher ultralow-frequency power (ULF; P trend =0.02). After similar adjustments, walking distance was longitudinally associated with the same specific HRV measures, including higher SDNN (P trend =0.02) and higher ULF, as well (P trend =0.008; Table 4 ). Additionally, faster walking pace was associated with a trend toward higher SDNN (P=0.06), and with less erratic HRV as assessed by short-term fractal scaling exponent (DFA1; P trend =0.003) and by Poincaré ratio (P trend =0.02).
In contrast, self-reported intensity of exercise (medium/high in comparison with none/low) was not significantly associated with any HRV indices (data not shown). PA variables were not significantly associated with other HRV indices, including square root of the mean of the squares of successive R-R interval differences, normalized low-frequency power, normalized high-frequency power, low frequency/high frequency ratio, or very-low-frequency power. When specific nighttime HRV indices were evaluated, results were generally similar, with a few exceptions. For example, in contrast to findings for overall HRV, greater leisure-time activity was longitudinally related to higher nighttime HRV indices such as SDNN index (P trend =0.04) and very-low-frequency power (P trend =0.04), and walking distance was longitudinally associated with a trend toward less nighttime erratic HRV assessed by nighttime DFA1 (P trend =0.06). Similar to the findings for overall HRV, faster walking pace was associated with a higher nighttime low frequency/high frequency ratio (P trend =0.003) and with less erratic HRV as assessed by DFA1 (P trend =0.003) and the Poincaré ratio (P trend =0.06; data not shown).
Results were also not appreciably altered in several sensitivity analyses, including further adjustment for baseline or 1994 to 1995 characteristics that could be either confounders or mediators of these relationships (see Methods) or further adjustment for baseline HR; or exclusion of participants reporting fair or poor overall health status (data not shown). For nearly all relationships, there was also little evidence for effect modification by age, sex, prevalent cardiovascular disease, or resting HR measured at either baseline or 1994 to 1995 (P interaction >0.10 for each). For walking distance and SDNN, we found borderline evidence for effect modification by prevalent cardiovascular disease in 1994 to 1995 (P interaction =0.04), but these findings should be interpreted cautiously because of the multiple comparisons. Additionally, in post hoc subgroup analyses, findings Measures (except for NLF, NHF, and DFA1) were natural log-transformed for analysis and then exponentiated. Values are mean (SD), adjusted for age (years), sex (male, female), race (white, nonwhite), enrollment center (4 sites), education (<high school, high school, college), income (≤$25 000,. >$25 000), smoking (never, former, current), alcohol (<1 drink/wk, 1-2 drinks/wk, 3-7 drinks/wk, 8-14 drinks/wk, >14 drinks/wk), and consumption of fish (<1 serving/mo, 1-3 servings/mo, 1-2 servings/wk, 3-4 servings/wk, 5+ servings/wk), dietary fiber (quintiles, grams per day), and total calories (quintiles, kilocalories per day). For values log transformed, we report the upper SD. Numbers are shown for time-domain measures (n=985); slightly fewer individuals (n=909) had frequency-domain and nonlinear measures. DFA1 indicates short-term fractal scaling exponent; HRV, heart rate variability; LF/HF, low frequency/high frequency; NHF, normalized high-frequency power; NLF, normalized low-frequency power; rMSSD, square root of the mean of the squares of successive R-R interval differences; SD12, Poincaré plot ratio; SDNN, standard deviation of the R-R intervals; SDNNIDX, SDNN index; ULF, ultralow-frequency power; and VLF, very-low-frequency power.
* were generally similar among individuals taking or not taking β-blockers or calcium channel blockers (data not shown). Although differences in HRV were not always uniform across quintiles, suggesting potential nonlinear associations, the unevenness of quintile cut points can obscure dose-response relationships. Therefore, we evaluated dose-response between PA and HRV in 2 ways. First, we visually evaluated the doseresponse by using the median values in each quintile of leisuretime activity and walking distance, a method that minimizes the influence of outliers. Relationships of leisure-time activity and walking distance with higher SDNN and ULF, and nonsignificant trends toward higher DFA1, appeared linear, in general ( Figure 2) . We also evaluated dose-response semiparametrically by using restricted cubic splines. Again, relationships of leisure-time activity with ULF and DFA1 and between walking distance and SDNN, ULF, and DFA1 each appeared linear, in general (Figure 3) . The association between leisure-time activity and SDNN appeared potentially nonlinear, with little additional benefit above a threshold of ≈2000 kcal/wk, but this nonlinearity did not achieve statistical significance (P nonlinearity =0.30).
Changes in PA and HRV
We also evaluated how changes in leisure-time activity and walking habits between baseline and at 1993 to 1994 related to 24-hour HRV in 1994 to 1995 (Tables 5 and 6 ). After multivariable adjustment, changes in walking habits and walking pace, but not leisure-time activity, were associated with specific HRV indices. Across quintiles of changes in walking distance, those in the highest quintile (increase of at least 25 blocks/wk, n=182) had significantly higher SDNN (mean±SD=116.3±8.2), in comparison with those in the lowest quintile (decrease of 23 blocks/wk or more, n=193; 109.4±7.2; P trend <0.0001). Similarly, those in the highest quintile had significantly higher ULF power, in comparison with the lowest quintile (11.5±1.5 Figure 2 . Longitudinal associations of leisure-time activity and walking distance with specific HRV indices at 1994 to 1995, assessed by using 24-hour Holter, among 985 older US adults. Dots and vertical lines represent the adjusted mean differences and the respective SD and 95% confidence interval between participants in a given quintile; quintile of walking distance (Left) or leisure-time activity (Right). Adjusted for age (years), sex (male, female), race (white, nonwhite), enrollment center (4 sites), education (<high school, high school, college), income (≤$25 000, >$25 000), smoking (never, former, current), alcohol (<1 drink/wk, 1-2 drinks/wk, 3-7 drinks/wk, 8-14 drinks/ wk, >14 drinks/wk), and consumption of fish (<1 serving/mo, 1-3 servings/mo, 1-2 servings/wk, 3-4 servings/wk, 5+ servings/wk), dietary fiber (quintiles, grams per day), and total calories (quintiles, kilocalories per day). DFA1 indicates short-term fractal scaling exponent; HRV, heart rate variability; SD, standard deviation; SDNN, standard deviation of all normal R-R intervals; and ULF, ultralow-frequency power. Similarly, those that increased walking pace had significantly higher normalized low-frequency power (P trend =0.001), ULF (P trend =0.007), low frequency/high frequency ratio (P trend =0.001), and less erratic HRV as assessed by DFA1 (P trend =0.03), in comparison with those that decreased or maintained their walking pace. Additionally, those that increased walking pace had lower normalized high-frequency power (P trend =0.007) in comparison Longitudinal associations of leisure-time activity and walking distance with specific HRV indices at 1994 to 1995, assessed by using 24-hour Holter, among 985 older US adults. Solid lines represent restricted cubic splines (smoothed fits); dashed lines represent 95% confidence intervals. Adjusted for age (years), sex (male, female), race (white, nonwhite), enrollment center (4 sites), education (<high school, high school, college), income (≤$25 000, >$25 000), smoking (never, former, current), alcohol (<1 drink/wk, 1-2 drinks/wk, 3-7 drinks/wk, 8-14 drinks/wk, >14 drinks/wk), and consumption of fish (<1 serving/mo, 1-3 servings/mo, 1-2 servings/wk, 3-4 servings/wk, 5+ servings/wk), dietary fiber (quintiles, grams per day), and total calories (quintiles, kilocalories per day). P nonlinearity for leisure-time activity: SDNN=0.30; ULF=0.67; DFA1=0.96) and walking distance P nonlinearity : SDNN=0.66; ULF=0.86; DFA1=0.97. DFA1 indicates short-term fractal scaling exponent; HRV, heart rate variability; SDNN, standard deviation of all normal R-R intervals; and ULF, ultralow-frequency power.
by guest on January 31, 2018 http://circ.ahajournals.org/ Downloaded from with those that maintained or decreased their walking pace. Changes in walking habits were not significantly associated with other HRV indices, and changes in leisure-time activity were also not associated with HRV (Table 6) .
When we assessed changes in walking habits and leisure-time PA and concurrent changes in HRV indices, no statistically significant association was identified, although directions of several associations appeared similar (Tables II  and III in 
Cross-Sectional Analyses
Cross-sectional analysis using baseline PA and 24-hour HRV were consistent with the prospective analyses (Table IV in the online-only Data Supplement). For example, after multivariable adjustment, leisure-time activity was cross-sectionally related to specific indices including higher SDNN (P trend =0.001) and higher ULF (P trend <0.0001). Similarly, walking distance and walking pace were each associated with higher SDNN (P trend =0.005 and 0.02, respectively) and higher ULF (P trend =0.01 and 0.11, respectively).
Discussion
In this large prospective study among older adults with average age 71 years at baseline, PA was both cross-sectionally and longitudinally associated with specific, more favorable indices of HRV. Furthermore, over 5 years, those who increased their walking pace or walking distance had more favorable HRV indices in comparison with those that decreased their walking pace or walking distance. To our knowledge, this is the first large, prospective, population-based study to demonstrate independent associations of PA measures with 24-hour time-and frequency-domain and nonlinear indices of HRV, as well, among older persons.
In prospective analysis, leisure-time activity and walking distance were significantly related to SDNN and ULF, whereas walking pace was positively related to DFA1 and inversely related to the Poincaré ratio. Those associations appeared linear, suggesting that any PA is better than none, and more is better. Our findings are consistent with previous evidence, largely from middle-aged populations, that PA is associated with a more favorable HRV profile. [9] [10] [11] [12] [13] The specific associations with indices that might reflect circadian variation (SDNN and ULF), combined activity of sympathetic and parasympathetic modulation (normalized low-frequency power), vagal control of HR and also renin-angiotensin system neurohormonal modulation (very-low-frequency power), and less abnormal (erratic) HR patterns (Poincaré ratio and DFA1) suggests relatively selective effects of PA on the biological pathways influencing these parameters. Although the biological interpretation of these indices is complex (eg, SDNN and ULF may reflect multiple inputs beyond circadian variation), our findings make clear that PA is not related to all HRV indices similarly in older adults. The specific observed patterns are supported by other epidemiological and clinical evidence on the effects of regular PA on biological pathways. For instance, reduction in sympathetic activity and increased vagal activity have been implicated as possible pathways by which regular PA provides cardioprotective benefits. Measures (except for NLF, NHF, and DFA1) were log-transformed for analysis and then exponentiated. Values are mean (SD), adjusted for age (years), sex (male, female), race (white, nonwhite), enrollment center (4 sites), education (<high school, high school, college), income (≤$25 000, >$25 000), smoking (never, former, current), alcohol (<1 drink/wk, 1-2 drinks/wk, 3-7 drinks/wk, 8-14 drinks/wk, >14 drinks/wk), and consumption of fish (<1 serving/mo, 1-3 servings/mo, 1-2 servings/wk, 3-4 servings/ wk, 5+ servings/wk), dietary fiber (quintiles, grams per day), and total calories (quintiles, kilocalories per day). For values log transformed, we report the upper SD.
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*Changes in walking distance and pace were restricted to individuals with information on walking habits at baseline and year 1994 to 1995 (n=960; n=638, respectively). Numbers are shown for time-domain measures (n=960; 638, respectively); slightly fewer individuals (n=886; 596, respectively) had frequency-domain and nonlinear measures. DFA1 indicates short-term fractal scaling exponent; HRV, heart rate variability; LF/HF, low frequency/high frequency; NHF, normalized highfrequency power; NLF, normalized low-frequency power; rMSSD, square root of the mean of the squares of successive R-R interval differences; SD12, Poincaré plot ratio; SDNN, standard deviation of the R-R intervals; SDNNIDX, SDNN index; ULF, ultralow-frequency power; and VLF, very-low-frequency power.
†rMSSD, NLF, NHF, and LF/HF ratios were evaluated among individuals with lower erratic HRV (DFA>median [1.127]; n=490; n=349, respectively).
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Enhanced circadian variation in HRV, as possibly reflected by SDNN and ULF, is consistent with PA-induced neurohormonal modulation. 46, 47 PA may also directly affect cardiomyocytes by leading to improved contractile capacity 48 and by enhancing cardiac electric stability. 49 Such potential electrophysiological stabilizing effects could explain the higher DFA1 and lower Poincaré ratios observed with greater PA that are indicative of diminished random (erratic) sinus firing. Overall, the present findings have implications for how PA may reduce arrhythmic risk in humans.
Our results also provide further support for clinical benefits of PA, even later in life. For example, greater PA was associated with higher SDNN and ULF, indices that predict the risk of myocardial infarction and heart failure. 6 PA was also related to more favorable nonlinear indices (DFA1, Poincaré ratio), which predict cardiovascular events and total mortality 6 and enhance the overall predictive value of HRV. 50, 51 Past studies of PA and HRV among older adults have generally assessed only short-term (ECG-derived), time-domain indices. 10, 12, 14, 17, 20, 21, 23, 24 Results have been mixed, with most studies being small in size and based on either cross-sectional evaluations or short-term interventions. Studies evaluating PA and 24-hour HRV indices 11, 13, 15, 18, 19, 21, 22 were mostly performed in middle-aged populations and were also generally small and either cross-sectional evaluations or short-term interventions. Our findings build on and extend these previous observations by longitudinally evaluating long-term, cumulatively updated PA and changes in PA with subsequent HRV, by evaluating nonlinear indices and by analyzing different dimensions of PA including different aspects of walking.
Consistent with our observational findings for habitual PA, several small (n=11-51) intervention studies in healthy older adults and middle-aged patients with heart failure 18, 19, 21, 22 found that greater PA increased 24-hour SDNN and, in 1 study, verylow-frequency power power. 21 Findings for HF and LF power have been mixed in both observational and interventional studies, 11, 13, 15, 18, 21 potentially related to limited sample sizes in most studies. Associations of changes in walking pace with normalized low-frequency power and normalized high-frequency power were in opposite directions than might be expected. Yet, these indices represent complex interactions of autonomic processes, and increased walking pace was also associated with less erratic HRV, which could partly account for these results. The differences we observed may be clinically relevant and could partly account for benefits of PA. For example, based on the results from the Framingham Heart Study, 52 the higher values of SDNN that we observed in the highest versus lowest quartile of leisure-time activity would correspond to ≈11% lower risk of cardiac events.
Our analysis had several strengths. Data on PA, HRV, and other risk factors were prospectively assessed by using standardized methods. Participants were randomly selected and enrolled from Medicare eligibility lists in several US communities, providing a population-based sample of older adults. Long-term (24-hour) HRV, including time-domain, frequency-domain, and nonlinear indices, provided a comprehensive evaluation of HRV parameters. Serial measures of PA allowed the evaluation Measures (except for NLF, NHF, and DFA1) were log-transformed for analysis and then exponentiated. Values are mean (SD), adjusted for age (years), sex (male, female), race (white, nonwhite), enrollment center (4 sites), education (<high school, high school, college), income (≤$25 000, >$25 000), smoking (never, former, current), alcohol (<1 drink/wk, 1-2 drinks/wk, 3-7 drinks/wk, 8-14 drinks/wk, >14 drinks/wk), and consumption of fish (<1 serving/mo, 1-3 servings/ mo, 1-2 servings/wk, 3-4 servings/wk, 5+ servings/wk), dietary fiber (quintiles, grams per day), and total calories (quintiles, kilocalories per day). For values log transformed, we report the upper SD. Numbers are shown for time-domain measures (n=976); slightly fewer individuals (n=901) had frequency-domain and nonlinear measures. DFA1 indicates short-term fractal scaling exponent; HRV, heart rate variability; LF/HF, low frequency/high frequency; NHF, normalized highfrequency power; NLF, normalized low-frequency power; rMSSD, square root of the mean of the squares of successive R-R interval differences; SD12, Poincaré plot ratio; SDNN, standard deviation of the R-R intervals; SDNNIDX, SDNN index; ULF, ultralow-frequency power; and VLF, very-low-frequency power.
*Change in leisure-time activity analysis were restricted to individuals with information on leisure-time activity at baseline and year 1994 to 1995 (n=976). †rMSSD, NLF, NHF, and LF/HF ratio were evaluated among individuals with lower erratic HRV (DFA>median [1.127]; n=490).
http://circ.ahajournals.org/ Downloaded from of long-term effects, reducing misclassification and providing the best measure of habitual PA, and also allowing the assessment of changes in PA. Prospective analyses reduced the potential for reverse causation, and the adjustment for a wide range of covariates minimized the potential impact of confounding. Potential limitations should be considered. We evaluated several different HRV indices, increasing the possibility of chance findings. However, several of our findings are consistent with other short-term intervention studies; and, based on previous literature, one could consider each PA-HRV association a separate hypothesis. Nonetheless, borderline statistical findings should be interpreted with caution, with careful attention to both internal consistency and biological plausibility. Additionally, simple regression imputations of missing covariates might have increased residual confounding or diminished the ability to detect associations. PA measures were obtained from self-report, which likely appropriately reflect the relative ordering (ranking) of subjects but not the precise quantitative levels of energy expenditure. Although a range of covariates were available and evaluated as potential confounders, and findings were similar in several sensitivity analyses, residual confounding due to unknown or incompletely measured factors cannot be excluded. The assessments of both PA and HRV parameters were subject to random error and (in the case of HRV) biological variability, which would attenuate findings toward the null and result in underestimation of the magnitude of the associations. The prospective associations of cumulatively updated PA with HRV could also partly reflect the effects of PA earlier in life; in contrast, the associations of changes in PA with HRV would not be confounded by PA at younger ages.
Results were attained among older, predominantly white Americans and may not be directly generalizable to other populations.
Our results suggest that leisure-time activity and walking are prospectively associated with specific patterns of more favorable HRV, including certain time-and frequency-domain, and nonlinear indices, as well, among older adults. In addition, older adults who increased their walking pace or distance over 5 years of follow-up had more favorable HRV in comparison with those that decreased their walking pace or distance. This suggests not only that regular PA later in life is beneficial, but also that certain beneficial adaptations may be lost on cessation of PA, 53 supporting the need to maintain modest PA throughout the aging process. Our results support cardiovascular benefits and provide insights into plausible biological pathways of effects of modest PA, including walking, among older adults. N01HC85081, N01HC85082, N01HC85083, N01HC85086, and grant HL080295 from the National Heart, Lung, and Blood Institute (NHLBI), with additional contribution from the National Institute of Neurological Disorders and Stroke (NINDS). Additional support was provided by AG023629 from the National Institute on Aging (NIA 
CLINICAL PERSPECTIVE
Heart rate variability (HRV) provides information on cardiac autonomic function and electrophysiology; less favorable HRV indices are associated with higher cardiac risk. Physical activity (PA) is known to positively impact cardiac function and, in middle-aged populations, has been associated with more favorable HRV. But the potential long-term effects of PA on HRV of older adults, who are at much higher risk for both abnormal HRV and cardiac events, are not established. We investigated whether usual PA, assessed by leisure-time activity and walking late in life, was associated with HRV among older adults. We evaluated serial longitudinal measures of both PA and 24-hour Holter HRV over 5 years among 985 older adults. After multivariable adjustment, greater leisure-time activity, walking distance, and walking pace were each prospectively associated with specific, more favorable HRV indices, including higher standard deviations of all normal-to-normal intervals and ultralow-frequency power that predict risk of myocardial infarction, as well as more favorable nonlinear indices that predict cardiovascular events and total mortality, and are indicative of diminished random sinus firing, suggesting how PA may reduce arrhythmic risk. Additionally, older adults who increased their walking pace or distance over 5 years of follow-up had more favorable HRV in comparison with those that decreased. These findings suggest not only that regular PA is beneficial, but also that certain beneficial adaptations may be lost on cessation, supporting the need to maintain modest PA throughout aging. Walking predominates as the major PA among older adults. Our results emphasize the benefits of walking, support the cardiovascular benefits, and provide insights into plausible biological pathways of its effects among older adults. Table shows changes in leisure-time activity and concurrent changes in HRV indices. Values are mean (SD), adjusted for age (years), sex (male, female), race (white, nonwhite), enrollment center (4 sites), education (<high school, high school, college), income (≤$25,000,. >$25,000), smoking (never, former, current), alcohol (<1 drink/week, 1-2 drinks/week, 3-7 drinks/week, 8-14 drinks/week, >14 drinks/week), and consumption of fish (<1 serving/month, 1-3 servings/month, 1-2 servings/week, 3-4 servings/week, 5+ servings/week), dietary fiber (quintiles, g/day), and total calories (quintiles, kcal/day). Numbers are shown for time-domain measures (n=624); slightly fewer individuals (n=559) had frequency-domain and nonlinear measures.
Supplemental Material
Supplementary- Table 4 . Cross-sectional associations at baseline of leisure-time activity, exercise intensity, and walking habits with HRV, assessed using 24-hour Holter, among 1219 older US adults. 
Quintiles of
Nonlinear indices
Poincare ratio (SD12) Measures (except NLF, NHF, and DFA1) were log-transformed for analysis and then exponentiated. Values are mean (SD), adjusted for age (years), sex (male, female), race (white, nonwhite), enrollment center (4 sites), education (<high school, high school, college), income (≤$25,000,. >$25,000), smoking (never, former, current), alcohol (<1 drink/week, 1-2 drinks/week, 3-7 drinks/week, 8-14 drinks/week, >14 drinks/week), and consumption of fish (<1 serving/month, 1-3 servings/month, 1-2 servings/week, 3-4 servings/week, 5+ servings/week), dietary fiber (quintiles, g/day), and total calories (quintiles, kcal/day). For values log transformed we report the upper SD. 
